Introduction
Dynamic changes in cytosolic [Ca 2+ ] are important signals by which the cytosol and mitochondria communicate [1] [2] [3] [4] , with welldocumented roles in energetic coupling [5] [6] [7] and cell death pathways [8] . Mitochondrial Ca 2+ influx is highly energetically favorable due to the electrochemical potential created by the combination of the Ca 2+ concentration gradient and the electrical potential across the inner mitochondrial membrane (DΨ m ) [4] . However, Ca 2+ uptake into mitochondria must be tightly regulated to ensure that mitochondria can ignore baseline cytosolic fluctuations yet respond effectively to Ca 2+ spikes.
Recent identification of the genes encoding the mitochondrial Ca 2+ uniporter is now enabling us to probe its physiology at the molecular level. Established uniporter components include the transmembrane pore-forming subunit MCU [9, 10] , its paralog MCUb [11] , the recently identified transmembrane protein EMRE [12] , and the paralogous, EF hand-containing proteins MICU1 [13] and MICU2 [14] . MICU1 was the first component to be identified and, on the basis of its EF hands, was initially proposed to be a [Ca 2+ ]-dependent regulator of uniporter activity, though the mechanism was unclear. Subsequent studies converged on the notion that MICU1 serves as a gatekeeper of the uniporter [15, 16] , inhibiting the channel at baseline [Ca 2+ ] levels. MICU1 is one of three paralogous genes (MICU1, MICU2, and MICU3) that likely arose by gene duplication in vertebrates [14] . All three proteins are of comparable size, have a mitochondrial targeting sequence (MTS) at the amino terminus, and have similar domain architecture with two canonical Ca 2+ -binding EF hands.
MICU1 and MICU2 have been shown to localize to the mitochondrial intermembrane space (IMS) [12, 15] . Several lines of evidence indicate that MICU1 and MICU2 operate together with MCU. For example, immunoprecipitation of the uniporter complex using affinitytagged MCU pulls down MICU1 and MICU2, but not MICU3, in HEK-293T cells [12] . The RNA expression of MICU1, MICU2, and MCU is strongly correlated across a variety of tissues, whereas MICU3 tends to be highly expressed in the CNS [14] . Given that MICU1 and MICU2 are physically associated within the uniporter complex and are co-expressed across all tissues, it is likely they operate together to regulate the channel. Previous studies of MICU1, including our own, have been obfuscated by problems associated with incomplete knockdown and measurements of matrix Ca 2+ [13] [14] [15] [16] . Specifically, limitations of incomplete uniporter protein knockdown can be exacerbated by overexpressing another subunit due to protein cross-stabilization [14] . This shortcoming of RNAi has made it challenging to evaluate the function of EF hand mutant alleles, possibly contributing to discrepancy between previous studies [13, 15, 16] [12] . We further confirmed elimination of MICU1 and MICU2 by immunoblotting ( Supplementary Fig S1A) . Disrupting MICU1 leads to decreased protein levels of MICU2 compared to wild-type HEK-293T (WT) cells (to 18 AE 4% of WT levels), similarly to MICU1 knockdown (KD) cells [14] . MICU2 KO cells, on the other hand, have normal MICU1 levels (Supplementary Fig  S1A) . Overexpression of MICU1-FLAG in MICU1 KO cells rescues MICU2 expression to levels similar to WT. MCU levels appear unaffected in both KO cell lines, which may be distinct from other cell types [14] . , which is ignored by WT mitochondria (Fig 1A and B) , consistent with previous studies showing that MICU1 sets the threshold for Ca 2+ uptake [15, 16] .
Interestingly, MICU2 KO cells also exhibit uptake of a small pulse of Ca 2+ despite the presence of MICU1, albeit at a slower rate than MICU1 KO cells (Fig 1A and B) . Importantly, in both cases, this impaired Ca 2+ handling can be rescued by re-expression of the ablated protein, indicating that the phenotype is not a trivial consequence of off-target genome editing ( Fig 1B, Supplementary Fig  S1D) . Thus, the threshold for Ca 2+ uptake is affected by loss of either MICU1 or MICU2, as indicated by increased uptake rate when given [Ca 2+ ] below the apparent WT threshold. Although this "gatekeeping" phenotype has been reported for MICU1 [15, 16] , this is the first time it is reported for MICU2.
Both MICU1 KO and MICU2 KO cell lines exhibit mitochondrial Ca 2+ uptake when stimulated with a larger pulse of Ca 2+ (Supplementary Fig S1E) , consistent with recent reports for MICU1 KD [15, 16] . Interestingly, MICU1 KO mitochondria have moderately reduced uptake kinetics that can be rescued with the WT allele (Fig  1C, D; Supplementary Fig S1E) . However, MICU1 KD using RNAi does not lead to reduced uptake kinetics with a large Ca 2+ pulse [15, 16] . The source for this mild defect in uptake of a large pulse of Ca 2+ is unknown. It does not appear to be due to an alteration in mitochondrial membrane potential (DΨ m ), as assessed by TMRM, which is indistinguishable from WT in both MICU1 KO and MICU2 KO cells ( Supplementary Fig S2A and B) . In addition, the mitochondria do not appear to be significantly loaded with Ca 2+ under the conditions of these experiments ( Supplementary Fig S2C) . In other cell types, loss of MICU1 can lead to a loss of MCU [14] , though we cannot detect such differences in MCU levels here. Overall, genome-editing technology has allowed us to fully disrupt MICU1 or MICU2, and though these cells are viable, each lacks a normal threshold for mitochondrial Ca 2+ uptake (Fig 1A and B) .
Mutation of MICU1 or MICU2 EF hands abolishes mitochondrial Ca 2+ uptake
To further evaluate the functions of MICU1 and MICU2, we introduced mutations in their EF hand domains. We mutated the first and last residues of the predicted 12-residue Ca
2+
-binding loop of each EF hand to alanine and to lysine, respectively, to disable Ca 2+ binding [13] . Since an EF hand mutant should mimic the apo ] similar to WT (Fig 1A and B) . These results for MICU1 are consistent with a previous report with MICU1 KD cells [15] yet distinct from another study [16] .
Since Fig S3A and B) . Thus, Ca 2+ uptake inhibition by MICU1 EFmut appears to be inversely correlated with endogenous MICU1 levels. Interestingly, expression of MICU1 EFmut also increases endogenous MICU1 levels, which is evident in both WT and MICU1 KD cells (Fig 1E, Supplementary Fig  S3C) . These findings underscore the value of utilizing a KO background and serve as a reminder that endogenous MICU1 levels should be considered when MICU1 is knocked down and a mutant is expressed since endogenous MICU1 levels may increase with expression of the mutant. The role of the individual EF hands in MICU1 and MICU2 does not appear to be equivalent in these experiments ( Supplementary  Fig S3A-F ] threshold for Ca 2+ uptake.
While both converge on the notion that MICU1 is a gatekeeper, each proposes a distinct model for the function of Ca 2+ binding to MICU1 [15, 16] . One model [16] suggests that Ca 2+ binding to MICU1 is required for channel inhibition, while a second model [15] suggests that Ca 2+ binding to MICU1 relieves channel inhibition. The current experiments are clearly more compatible with the latter model (Fig 1) . In contrast to the latter study, however, we find that on a MICU1 KO background, MICU1 EFmut inhibits Ca 2+ uptake of both small and large Ca 2+ pulses (Fig 1A-D) (Fig 2A and B) (Fig 2A and B) .
However, MICU2 EFmut does not provide further inhibition for MICU1
KO cells at either pulse size (Fig 2A and B) and leads to strikingly more uptake than MICU2 EFmut expressed in cells which have MICU1
( Fig 1A,B ,F, and G). Thus, MICU1 is capable of inhibiting Ca 2+ uptake in the absence of MICU2, but MICU2 appears to require MICU1 as an effector.
The lack of MICU2 EFmut impact on Ca 2+ uptake in the absence of MICU1 prompted us to test interaction of MCU and MICU2 in the absence of MICU1. To this end, we tested the ability of MICU1-FLAG and MICU2-FLAG to co-immunoprecipitate MCU on either a MICU1 or MICU2 KO background. MICU1 and MICU2 both are able to pull down MCU in the presence of their paralog (Fig 2C) . However, consistent with Ca 2+ uptake results, MICU1 is able to co-immunoprecipitate MCU in the absence of MICU2, but MICU2 does not co-immunoprecipitate MCU under the same conditions in the absence of MICU1. Additionally, MCU-FLAG is able to co-immunoprecipitate MICU1 in MICU2 KO cells, but not MICU2 in MICU1 KO cells (Fig 2C) . Despite the inability of MICU2 to co-immunoprecipitate MCU, both MICU2 and MICU2 EFmut localize properly to the IMS in the absence of MICU1 (Supplementary Fig S4) . We speculate that, in the absence of MICU1, MICU2 cannot associate with the MCU complex, including MCU, MCUb, and EMRE, and thus gets targeted for degradation, which would explain its lower abundance in MICU1 KO cells. Collectively, these results suggest that the functional and physical interaction of MICU2 with the MCU complex requires MICU1.
MICU1 C-terminal domain is required for its action and association with the uniporter pore complex
Because our genetic and biochemical studies place MICU1 more proximal to MCU, we explored MICU1 domains that might be important for its function and interaction with the MCU complex. We generated MICU1 truncation mutants and examined their ability to function. The region immediately after the predicted MTS shows little evolutionary conservation. On the other hand, the C-terminus, which is predicted to be predominantly alpha-helical [18, 19] , is highly conserved, suggesting that it may be more critical for function. We generated an N-terminal deletion (MICU1-DN) by removing 36 amino acids (58-93) after the predicted MTS and a C-terminal deletion (MICU1-DC) distal to the second EF hand lacking the final 31 amino acids (445-476) (Fig 3A) . While larger N-terminal deletions did not express well, these N-and C-terminal truncated proteins expressed to a comparable level as WT MICU1 (Fig 3B, Supplementary Fig S5A) . (Fig 3C) . Thus, deletion from the C-terminus appears to be more deleterious for MICU1 function than deletion from the N-terminus. Because MICU1-DC fails to inhibit uniporter Ca 2+ uptake, we postulated that it might not interact with the MCU complex appropriately without the C-terminus. Indeed, MICU1-DN, but not MICU1-DC, co-immunoprecipitates MCU and MICU2 (Fig 3D) . Furthermore, despite differences in expression levels, MICU1-DN, but not MICU1-DC, appears to be coimmunoprecipitated by MCU (Supplementary Fig S5B) . However, it is likely that MICU1-DC and MICU2 can interact in the cell since MICU2 protein levels are rescued by MICU1-DC (Fig 3D) , suggesting that the protein cross-stabilization effect of MICU1 on MICU2 is intact, but this interaction is not strong enough to persist under the conditions of the immunoprecipitate. MICU1-DC, however, localizes properly to the IMS (Supplementary Fig S4) . Mapping the interactions within the MCU complex will be important next steps, and the C-terminus of MICU1 may prove to be important for interaction with the pore complex (MCU, MCUb, and/or EMRE). Combining the observation that MICU2 does not co-immunoprecipitate MCU in the absence of MICU1 and the C-terminal domain of MICU1 is necessary for MICU1 to co-immunoprecipitate MCU, we postulated that MICU2 would be able to inhibit Ca 2+ uptake in MICU1 KO cells in the presence of MICU1-DN, but not MICU1-DC.
To this end, we co-expressed MICU2 EFmut -FLAG with either FLAG-MICU1, FLAG-MICU1-DN, or FLAG-MICU1-DC in MICU1 KO cells and examined their extramitochondrial Ca 2+ clearance. As expected, at both pulse sizes, Ca 2+ uptake was abrogated in cells expressing FLAG-MICU1 and FLAG-MICU1-DN, but not FLAG-MICU1-DC in addition to the MICU2 EFmut -FLAG, despite each having similar levels of exogenous protein expression (Fig 3E and F) . These results provide further in vivo functional support for the co-immunoprecipitation experiments (Fig 2C, 3D, Supplementary Fig S5B) .
Collectively, these results demonstrate the functional importance of the highly conserved C-terminal domain of MICU1 (Fig 3) . This region may be a candidate for interaction with the rest of the uniporter complex or may be required for proper oligomerization of MICU1. Indeed, the MICU1-MICU1 and MICU1-MICU2 protein crossstabilizations in HEK-293T cells (Fig 1E, Supplementary Fig S1A,  S3C) suggest that MICU1 might form homo-and/or hetero-oligomers. The stoichiometry and composition of the complex has yet to be established and will be important future work.
Proposed model for MICU1 and MICU2 in uniporter physiology
Our results allow us to formulate a model of regulation of the uniporter by MICU1 and MICU2 (Fig 4) . MICU1 and MICU2 are located in the IMS [12, 15] . Our biochemical studies indicate that while MICU1 and MCU can associate in the absence of MICU2, MICU2 and MCU association requires the presence of MICU1. Hence, these biochemical studies place MICU1 between MCU and MICU2, though direct interaction studies have not been done. MICU1 and MICU2 serve as negative regulators of Ca 2+ transport through the pore complex (Fig 4A) , consistent with two recent studies on MICU1 [15, 16] . When the cytosolic [Ca 2+ ] exceeds a threshold sensed by MICU1 and MICU2, the pore is disinhibited and Ca 2+ passes through. In the absence of MICU1, this negative regulation is lost and unregulated Ca 2+ uptake occurs at [Ca 2+ ] below WT threshold (Fig 4B) . In the absence of MICU2, MICU1 is still able to inhibit Ca 2+ uptake but likely with a different [Ca 2+ ] threshold (Fig 4B) . Perhaps the most striking phenotype reported in the current work is summarized in Fig 4C. When MICU1 or MICU2 cannot respond to [Ca 2+ ] changes, due to nonfunctional EF hands, the uniporter cannot be disinhibited, regardless of [Ca 2+ ], and no Ca 2+ uptake is apparent (Fig 4C) . converse is not true. Moreover, we have shown that the physical association of MICU2 with MCU requires MICU1, but not vice versa. MICU1 and MICU2 both appear to be operating as negative regulators of the pore, but the physiological contexts in which each exerts control on the uniporter remain to be determined. Additionally, since only assays of permeabilized cells given pulses of Ca 2+ were performed in this study, we cannot rule out the possibility that the mode of Ca 2+ delivery may affect the mechanism of Ca 2+ uptake through the uniporter, including regulation by MICU1 and MICU2. There is good reason to believe that the activity and regulation of the uniporter will vary across tissues [3, 14] . The current study has only investigated HEK-293T cells, and it will be important to determine whether the MICU1/MICU2 regulatory complex plays similar roles in other cellular contexts and developmental states. It has recently been reported that loss of MCU and mitochondrial Ca 2+ uptake can be tolerated in mouse [20] . In the current study, we have shown that MICU1 and MICU2 play nonredundant roles in inhibiting Ca 2+ uptake when outside [Ca 2+ ] is low and alleviate this inhibition at higher [Ca 2+ ]. In vivo loss of MICU1 or MICU2 may therefore have very different consequences than loss of MCU. We anticipate that future in vivo, organismal studies may reveal the precise regulatory logic afforded by MICU1 and MICU2.
Materials and Methods

Cell culture
HEK-293T cells lacking MICU1 or MICU2 were made as described [12] . All other expression of constructs used herein was accomplished by stable transfection followed by antibiotic selection or transient transfection.
Ca
2+ uptake assays 
Membrane potential measurements
TMRM was used to assess DΨ m in permeabilized cells [21] . Cells were prepared as in Ca 2+ uptake assays. For kinetic assays, buffer contained 1.3 lM TMRM. 30 lM CaCl 2 was injected. For static measurements, 20 nM TMRM was included in the buffer with or without 2 lM CCCP and TMRM fluorescence is reported as a ratio of excitations at 573 and 546 nm and emission at 590 nm.
Statistical analysis
P-values were computed using Student's t-tests. One-way ANOVA was used when comparing multiple means. P < 0.05 was considered significant.
Biochemistry
Co-immunoprecipitation was performed with FLAG or c-MYC affinity beads using lysis buffer containing 50 mM HEPES (pH 7.4), 150 mM NaCl, 5 mM EGTA, 0.2% DDM, and protease inhibitors. For localization analysis, mitochondria from HEK-293T cells were concentrated and subjected to Proteinase K digestion with a digitonin series, as reported previously [15] .
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